Introduction
============

Dental implants are gaining great popularity in repairing dentition defects.[@b1-ijn-13-4145] However, many patients fail to accept the implant treatment because of bone insufficiency. Also, bone defects resulting from accidents, infection, and tumors require large amount of bone grafts, which are relatively in shortage in clinical practice.[@b2-ijn-13-4145],[@b3-ijn-13-4145] As a result, bone tissue engineering is developing as an alternative approach to solve these problems.[@b4-ijn-13-4145]

Electrospinning has emerged as a promising method to fabricate scaffolds in tissue engineering in recent decades.[@b5-ijn-13-4145],[@b6-ijn-13-4145] Electrospun scaffolds with micro- to nanoscale fibers have shown excellent mechanical properties and biocompatibilities, thanks to their high porosity and high surface area-to-volume ratios, as well as the resemblance of extracellular matrix (ECM).[@b7-ijn-13-4145] All of these merits make electrospun scaffolds an effective approach to promote cell--matrix communication[@b8-ijn-13-4145] and facilitate bone regeneration.[@b9-ijn-13-4145],[@b10-ijn-13-4145] Recent studies have exhibited enhanced osteogenic differentiation by incorporating growth factors into scaffolds.[@b11-ijn-13-4145],[@b12-ijn-13-4145]

Bone morphogenetic protein 2 (BMP-2) is one of the most potent inducers in bone regeneration[@b13-ijn-13-4145] and has strong osteoinduction capability in osteogenic differentiation of mesenchymal stem cells (MSCs).[@b14-ijn-13-4145] Su et al[@b15-ijn-13-4145] reported a significantly enhanced osteoblast differentiation of MSCs induced by core/shell poly(L-lactide-co-caprolactone)/collagen scaffolds loaded with BMP-2 and dexamethasone through coaxial electrospinning. Coaxial electrospinning is a method that allows two different solutions electrospun simultaneously to produce fibers with core--shell structures. Bioactive proteins in core can be protected by shell and released in a sustained and controlled manner,[@b16-ijn-13-4145] thus enabling a certain concentration of bioactive proteins to be maintained in target area.

Owing to the above superiority, coaxial electrospinning was used in our study to fabricate core--shell fibers loaded with BMP-2. However, conventional electrospun scaffolds with two-dimensional (2D) structure at macroscale are of small pore size and poor interconnectivity, which restricts cell infiltration and migration.[@b17-ijn-13-4145] Cellular infiltration is important to construct 3D cell--scaffold complex and facilitate integration with host tissue after implantation.[@b18-ijn-13-4145] Scaffold architecture has great impacts on cellular behaviors through cell--material interaction.[@b19-ijn-13-4145],[@b20-ijn-13-4145] 3D scaffolds are able to provide stronger cell--cell interactions than 2D structure.[@b21-ijn-13-4145] In fact, it has been reported that stem cells cultured on 3D scaffolds exhibited enhanced osteogenic differentiation ability.[@b22-ijn-13-4145] In light of these advantages, great efforts have been made to fabricate 3D porous scaffolds based on electrospinning for enhanced biological performance. For instance, Yao et al[@b23-ijn-13-4145] fabricated 3D porous polycaprolactone (PCL)/polylactic acid (PLA) scaffolds by combining electrospun fibers with TISA method. The scaffolds were validated to facilitate stem cell differentiation and bone regeneration through in vitro and in vivo studies.

Poly(lactide-co-glycolide) (PLGA) and PCL are widely used in bone tissue engineering for their excellent mechanical properties and biocompability.[@b24-ijn-13-4145],[@b25-ijn-13-4145] In fact, PLGA and PCL are approved by FDA for biomedical applications.[@b19-ijn-13-4145],[@b26-ijn-13-4145] Our previous study confirmed that scaffolds made of PLGA and PCL facilitated osteogenic differentiation of rat adipose-derived stem cells (rADSCs).[@b27-ijn-13-4145]

ADSCs have aroused more attention in tissue engineering due to its easy access to large amounts and relatively noninvasive acquisition method.[@b28-ijn-13-4145],[@b29-ijn-13-4145] Scaffolds seeded with rADSCs significantly promoted bone regeneration after implantation in rat critical-sized calvarial defects when compared with pure scaffolds.[@b30-ijn-13-4145]

In this study, we fabricated PLGA/PCL scaffolds loaded with BMP-2 through coaxial electrospinning. Then, TISA technique was used to construct 3D porous scaffolds. Cellular behaviors were studied to evaluate the effects of BMP-2 and 3D structure on the osteogenic differentiation of rADSCs.

Materials and methods
=====================

PLGA (75:25, MW =120,000 Da) and PCL (MW =120,000 Da) were obtained from Daigang Biomaterial Co., Ltd (Jinan, China). 2,2,2-Trifluoroethanol (TFEA) was purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). BMP-2 was supplied by Peprotech (Rocky Hill, NJ, USA). Enzyme-linked immunosorbent assay (ELISA) kits for BMP-2 was purchased from Boster Biological Technology Co., Ltd (Wuhan, China). Cell counting kit-8 (CCK-8; Bio-sharp, Hefei, China), 0.25% Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA), bicinchoninic acid protein assay kit (Leagene Biotechnology, Beijing, China), alkaline phosphatase (ALP) assay kit (Jiancheng Bioengineering Institute, Nanjing, China), BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Biotechnology, Shanghai, China), and Alizarin red S (ARS; Leagene Biotechnology, Beijing, China) were used in this study. OriCell Sprague Dawley (SD) rADSCs, SD Rat Adipose-derived Stem Cell Osteogenic Differentiation Medium, and SD Rat Adipose-derived Mesenchymal Stem Cell Complete Medium were purchased from Cyagen Biosciences (Guangzhou, China). The osteogenic differentiation medium consisted of 175 mL of basal medium, 20 mL of fetal bovine serum, 2 mL of penicillin--streptomycin, 2 mL of glutamine, 400 µL of ascorbate, 2 mL of β-glycerophosphate, and 20 µL of dexamethasone. Takara Minibest universal RNA Extaction Kit, PrimerScript RT Master Mix, and SYBR Premix EX Taq II were supplied by Takara Bio Inc (Kusatsu, Japan).

Preparation of electrospun scaffolds
------------------------------------

Core--shell PP--BMP-2 (PP--B) electrospun scaffolds and conventional PP electrospun scaffolds were fabricated. [Figure 1](#f1-ijn-13-4145){ref-type="fig"} demonstrates the preparation of core--shell scaffold. To fabricate core--shell PP--B electrospun scaffolds, PLGA and PCL (0.75 g of each) were dissolved in 8.5 g of TFEA and mixed by magnetic stirrer overnight to produce 15% (w/w) shell solution. To prepare core solution, BMP-2 (10 µg/mL) was dissolved in distilled deionized water with bovine serum albumin (BSA) (1 mg/mL; Solarbio Life Science, Beijing, China) as a protein stabilizer. The solution was put into two syringes connected with a coaxial spinneret (inner needle: 22 G; outer needle: 17 G; [Figure 1](#f1-ijn-13-4145){ref-type="fig"}) to produce fibers with core--shell structure. A high-voltage power supply (Dong Wen, Tianjin, China) was used. The core solution was injected at a flow rate of 0.4 mL/h, and the shell solution was injected at a flow rate of 2.0 mL/h. An applied voltage of 20 kV and a tip-to-collector distance of 20 cm were set to fabricate fibrous scaffolds with core--shell structure.

PP electrospun scaffolds were prepared as control group. Briefly, PLGA and PCL mixture solution was fabricated using the same concentration as mentioned earlier. The solution was then electrospun with a high voltage of 20 kV, a flow rate of 0.4 mL/h, and a tip-to-collector distance of 20 cm.

The thickness of the fibrous scaffolds was \~150 µm. The samples were thoroughly freeze-dried for 24 h. The PP--B scaffolds and PP scaffolds were stored at −20°C for later use.

Fabrication of 3D scaffolds
---------------------------

3D scaffolds were fabricated using the TISA technique.[@b31-ijn-13-4145] First, 65 mg of electrospun PP--B scaffolds were cut into small pieces (0.2×0.2 cm) and suspended uniformly in 2 mL of gelatin aqueous solution using a homogenizer (FSH-2A; Friend Instrument, Changzhou, China) with the revolving speed of 10,000 rpm for 5 min. The fiber suspension was transferred into a glass bottle. The bottle was immediately immersed in water at 55°C for 2 min. During this period, the small pieces spontaneously agglomerated into a 3D scaffold with 12--14 mm in diameter and 2 mm in thickness. Then, the 3D scaffold was put in ice water for 2 min to prevent further shrinkage. Finally, the 3D scaffolds were freeze-dried for 24 h and kept at −20°C.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
-----------------------------------------------------------------------------

The morphology of electrospun scaffolds and 3D scaffolds was observed by an SEM (S-3400N II; Hitachi Ltd., Tokyo, Japan) after gold coating at an accelerating voltage of 20 kV. The fiber diameter and pore size were calculated using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).

For cell morphology observation, rADSCs were seeded on the scaffolds and cultured for 7 days. Then, the samples were fixed with 2.5% glutaraldehyde, dehydrated, freeze-dried, and imaged by SEM.

The core--shell structure of PP--B fibers was detected by TEM (JEM-2100; JEOL, Tokyo, Japan) after being collected on a copper grid and vacuum dried. Shell thickness and core diameter were calculated by measuring randomly selected fibers using the ImageJ software.

Fluorescent microscopy
----------------------

In order to visualize the distribution of BMP-2 in core--shell fibers, FITC-BSA (Solarbio Life Science) was used as a replacement for BMP-2 to fabricate PP--FITC-BSA core--shell fibers with PP in shell and FITC-BSA in core under the same condition. Several fibers were collected on a glass slide and examined under a fluorescent microscope (DM4000; Leica Microsystems, Wetzlar, German).

ELISA
-----

In vitro BMP-2 release from PP--B scaffold and 3D scaffold was detected by ELISA kit. PP--B scaffold and 3D scaffold were sterilized with UV light and washed gently with PBS for three times. Then, the samples were put into a 24-well plate with 1 mL of PBS and placed in an incubator (37°C, 5% CO~2~). The extracts were collected at specific time point (1, 3, 5, 7, 14, 21, and 28 days), and 1 mL of PBS was added to each well for further release. The supernatants were stored at −80°C until all the samples were collected. The amount of BMP-2 released was measured using an ELISA kit following the manufacturing's instruction.

Cell culture and sample preprocessing
-------------------------------------

SD rADSCs were cultured in a cell incubator at 37°C at a humidified atmosphere containing 5% CO~2~. The rADSCs were passaged after reaching \~80% confluence. Cells at passages 3--5 were used in our experiments. Before cell seeding, the scaffolds were sterilized with 75% ethanol for 2 h, washed with PBS twice, and then precultured in the culture medium for 3 h at 37°C. To ensure most cells adhere on the scaffold rather than on the well plate, 50 µL of cell suspension of 5×10^4^ rADSCs was seeded on each scaffold in 24-well plate. After incubating for 4 h, 1 mL of culture medium was added in each well. The medium was changed every 2 days.

Cell proliferation analysis
---------------------------

For proliferation analysis, the rADSCs were seeded at 5,000 cells/scaffold (6 mm in diameter) in 96-well plate. CCK-8 was used to measure cell viability at days 1, 3, 5, and 7 after cell seeding according to manufacturer's instructions. In brief, CCK-8 solution was mixed with culture medium and then added to each well. After being incubated for 2 h at 37°C, all samples were measured using a microplate reader (Spectra Max 190; Molecular Devices LLC, Sunnyvale, CA, USA) at the absorbance of 450 nm.

Confocal laser scanning microscopy (CLSM) observation
-----------------------------------------------------

Each scaffold was seeded with 2×10^4^ rADSCs in 24-well plate. The morphology of rADSCs adhering on the scaffolds was observed by CLSM (Zeiss-LSM710; Carl Zeiss Meditec AG, Jena, Germany). The methods were reported in our previous study.[@b32-ijn-13-4145] In brief, at day 1, cells were permeabilized using 0.5% Triton X-100 (Solarbio Life Science) for 10 min and then stained with rhodamine phalloidin (Cytoskeleton, Inc., Denver, CO, USA) and 4′,6-diamidino-2-phenylindole (DAPI; Beyotime Biotechnology) to label F-actin and cell nuclei, respectively.

ALP activity assay and ALP staining
-----------------------------------

The rADSCs were seeded at 5×10^4^ cells/scaffold in 24-well plate and incubated in osteogenic medium. After osteoinduction for 7 and 14 days, rADSCs in different groups were lysed with 0.5% TritonX-100 for 30 min. Then, the supernatant was collected for analysis. ALP activity and total protein concentration were detected according to the manufacturer's instructions of ALP assay kit and bicinchoninic acid protein assay kit, respectively. ALP activity levels were normalized to the total protein content.

For ALP staining, cells on the scaffolds were stained following the manufacturer's instructions of ALP staining kit. Briefly, the samples were fixed with 4% paraformaldehyde and washed with PBS for twice. Then, the scaffolds were stained with BCIP/NBT reagents and washed with double distilled water for observation.

Matrix mineralization assay
---------------------------

Matrix mineralization level was evaluated by Alizarin red staining. After osteogenic induction of 14 days, rADSCs on the samples were fixed with 4% paraformaldehyde and then stained with 1% ARS (pH 4.2) for 5 min. After qualitative observation, the samples were washed with PBS and extracted with 10% cetylpyridinium chloride (Bomei Biotechnology, Hefei, China) for 15 min at room temperature to detect calcium nodules. Then, the solution was transferred to a 96-well plate for absorbance reading at 550 nm using a microplate reader.

Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of osteogenic differentiation markers
------------------------------------------------------------------------------------------------------------------------------

RT-PCR was performed to evaluate the mRNA expression level of osteogenic differentiation markers of *Alp*, *Col1*, *Msx2*, and *Ocn* in the three scaffolds after osteogenic induction for 7 and 14 days. Total RNA was extracted using the RNA extraction kit following the manufacturer's protocol. A total of 500 ng of RNA was reverse transcribed into cDNA with a reverse transcription kit, and real-time PCR was performed using the ABI 7300 Real-Time PCR System (Thermo Fisher Scientific). The primer sequences are listed in [Table 1](#t1-ijn-13-4145){ref-type="table"}. Relative expression level of target gene was normalized to GAPDH and calculated using the 2^−ΔΔct^ method. The experiment was performed for three times independently.

Statistical analysis
--------------------

All data were shown as mean ± standard deviation (SD). Statistical analysis was performed using the SPSS v.19.0 software (IBM Corporation, Armonk, NY, USA). Quantitative data were analyzed using one-way ANOVA followed by the least significant difference (LSD) test. Statistical significance was set at the level of *P*\<0.05.

Results and discussion
======================

Morphology of the scaffolds
---------------------------

The SEM images of the three groups are shown in [Figure 2](#f2-ijn-13-4145){ref-type="fig"}. PP and PP--B fibers showed smooth and beads free surface with uniform diameters ([Figure 2A and B](#f2-ijn-13-4145){ref-type="fig"}). The core--shell structure of PP--B fibers was displayed in TEM image ([Figure 2D and E](#f2-ijn-13-4145){ref-type="fig"}). Image analysis showed that the average fiber diameters for PP and PP--B were 806.5±129.4 and 760.1±144.3 nm, respectively. The pore sizes of PP, PP--B, and 3D scaffolds were 9.95±1.78, 9.14±1.78, and 80.95±12.43 µm, respectively. The core diameter of core--shell fibers in PP--B scaffold was 383.49±53.50 nm and the shell thickness was 80.37±19.35 nm. The TEM images and measurement results indicated that PP--B fibers owned thin shell thickness. Previous study reported that silk fibroin/chitosan/nanohydroxyapatite/BMP-2 core--shell nanofibrous scaffold with thin shell thickness exhibited a higher concentration of BMP-2 in release medium and a stronger osteogenic effect both in vitro and in vivo.[@b33-ijn-13-4145] [Figure 2F](#f2-ijn-13-4145){ref-type="fig"} is the fluorescent microscopic image of PP--FITC-BSA core--shell fibers. Coaxial electrospun FITC-BSA formed a line-like structure when observed under a fluorescent microscope, which confirmed the continuous distribution of FITC-BSA in core. Through coaxial electrospinning, BMP-2 was protected from direct contact with organic solvent and remained its osteogenic activity.[@b34-ijn-13-4145]

[Figure 2C](#f2-ijn-13-4145){ref-type="fig"} demonstrates the SEM micrograph of 3D scaffold. Fibers in 3D scaffold were not damaged during preparation and connected with each other to form large and interconnected pores. The porous structure in the scaffold mimics natural ECM and provides a pathway for cell migration, as well as a passage for nutritional metabolism and gas exchange, which is beneficial for cells' growth and tissue regeneration.[@b35-ijn-13-4145],[@b36-ijn-13-4145]

In vitro BMP-2 release evaluation
---------------------------------

[Figure 3](#f3-ijn-13-4145){ref-type="fig"} illustrates in vitro cumulative release behaviors of BMP-2 in PP--B and 3D scaffolds. Both scaffolds showed a sustained release of BMP-2 within 28 days with an initial burst at the first day. PP--B scaffold exhibited an obviously higher level of BMP-2 than 3D group at each examined time point.

In a sense, electrospinning is an unstable process; therefore, part of BMP-2 attached to the surface instead of being completely encapsulated into "core--shell" fibers.[@b16-ijn-13-4145] This may explain the relatively high concentration of BMP-2 released at day 1 in PP--B samples. BMP-2 was released in a stable manner afterward. In 3D groups, BMP-2 was partially lost during immersion in gelatin aqueous solution for several minutes. As a result, the amount of BMP-2 released from 3D scaffold was significantly lower than that of PP--B scaffold.

Cell proliferation
------------------

Cell proliferation on different scaffolds was examined by CCK-8 ([Figure 4](#f4-ijn-13-4145){ref-type="fig"}). The optical density (OD) value of all groups gradually increased from days 1 to 7. This demonstrated that rADSCs were able to attach and proliferate well on all the three scaffolds. At day 1, the number of rADSCs in 3D scaffold was significantly higher than the other two groups (*P*\<0.05), indicating a higher initial attachment of cells on 3D group. Scaffold structures play an important role in cell behavior, such as cell proliferation and cell differentiation.[@b37-ijn-13-4145] 3D scaffold had larger surface areas, and this could contribute to the increased cellular adhesion at day 1.

There was no significant difference in cell proliferation between PP and PP--B until 5 days. This result could be ascribed to the excellent biocompatibility of the three scaffolds. These three scaffolds exhibited excellent biological properties, so the addition of BMP-2 was unable to cause significant differences. However, a longer culture time would increase the accumulation of BMP-2, which caused the better proliferation of PP--B group at day 7.

After 7 days, higher numbers of rADSCs were found on PP--B scaffold than on PP scaffold (*P*\<0.05), while no statistical difference of OD value was observed between PP--B group and 3D group. Our finding is consistent with Fu et al's[@b38-ijn-13-4145] research, which revealed that immobilized BMP-2 on microcarriers improved cell proliferation. Osteogenic differentiation usually began after reaching a certain confluence. This may explain why cell proliferation slowed down in 3D group after 7 days. Our result demonstrated no difference of cell proliferation between PP--B scaffold and 3D scaffold at day 7. However, some studies found better proliferation on 3D scaffolds than on 2D scaffolds. Cell number maintained the same when reaching the maximum value in 3D matrices, but the number reduced after confluence in 2D matrices resulting from cell detaching from 2D surface.[@b37-ijn-13-4145] 3D structure is able to provide more space for cell growth, and superior proliferation ability is a promising factor for osteogenic differentiation.

Cell morphology on the scaffolds
--------------------------------

Cell morphology was evaluated by CLSM and SEM. Cytoskeleton (red) and cell nuclei (blue) were visualized by staining with rhodamine phalloidin and DAPI after culturing for 1 day ([Figure 5A--C](#f5-ijn-13-4145){ref-type="fig"}). Cells showed a relatively round shape in PP scaffold while exhibited a polygon morphology with stretched cytoskeleton in PP--B scaffold. Cell aggregates formed and thereafter were able to fully extend to spatial area in 3D scaffold.

SEM images of cells grown on the three scaffolds are shown in [Figure 5D--F](#f5-ijn-13-4145){ref-type="fig"}. The rADSCs were well spreaded in all scaffolds. In PP and PP--B groups, cells exhibited a flattened morphology. In 3D group, cells formed a 3D structure thanks to the sufficient space, which indicated that 3D porous fibrous scaffolds promoted cell adhesion and cell stretching than 2D surface.

Cell migration and cellular shapes were greatly affected by scaffold structures through cell--material interactions.[@b39-ijn-13-4145] Hong et al[@b40-ijn-13-4145] reported that most endothelial progenitor cells migrated through 3D scaffolds while tended to stay on the surface of 2D scaffolds.

ALP activity and mineralization evaluation
------------------------------------------

ALP, as a marker of early osteoblastic differentiation,[@b41-ijn-13-4145] was selected to indicate the osteogenic differentiation level of rADSCs in this study. The results of ALP activity and ALP staining after the osteogenic induction of 7 and 14 days are shown in [Figure 6](#f6-ijn-13-4145){ref-type="fig"}. PP--B and 3D groups expressed a higher level of ALP activity than PP group, while 3D group was the highest, both after osteogenic induction for 7 and 14 days. The ALP activity increased from days 7 to 14 in all groups, which was consistent with the results of ALP staining assay. This suggested the positive effects of BMP-2 and 3D structure on the osteogenic differentiation of rADSCs.

Alizarin red staining was performed to evaluate calcium nodules in the three scaffolds after osteogenic induction for 14 days ([Figure 6C](#f6-ijn-13-4145){ref-type="fig"}). Calcium deposition on 3D scaffold was obviously higher than the other two groups, while the lowest mineralization level was seen in PP group. The result was confirmed by the semiquantification examination of ARS extracts ([Figure 6D](#f6-ijn-13-4145){ref-type="fig"}).

A higher level of ALP activity and calcification degree in PP--B scaffold was caused by the sustained release of BMP-2. BMP-2 can facilitate osteogenic differentiation of mesenchymal cells through Smad signal pathway.[@b42-ijn-13-4145] Previous study demonstrated that BMP-2 was able to accelerate calcification and bone regeneration.[@b43-ijn-13-4145] Liu et al[@b44-ijn-13-4145] reported that nanocomplexes loaded with BMP-2 significantly promoted ALP activity of MC3T3-E1 cells with an increased mineralization level of ECM.

In 3D scaffold, synergistic effects of BMP-2 and physical--mechanical characteristics of 3D scaffold could account for higher osteogenic differentiation level of rAD-SCs. Nguyen et al[@b22-ijn-13-4145] displayed accelerated and enhanced osteoblastic differentiation of MSCs on 3D scaffold than 2D scaffold, which is consistent with our findings.

PCR analysis
------------

RT-PCR analysis of osteogenic genes of rADSCs on the three scaffolds after osteogenic induction of 7 and 14 days is shown in [Figure 7](#f7-ijn-13-4145){ref-type="fig"}. *Alp*, *Col1*, and *Ocn* were biomarkers during osteogenic differentiation of stem cells.[@b45-ijn-13-4145] *Msx2* is the homeobox gene in osteoblast and is a direct gene target of BMP-2.[@b46-ijn-13-4145] The rADSCs on PP--B and 3D scaffolds exhibited a significantly higher level of *Alp*, *Col1*, and *Ocn* than rADSCs on PP scaffolds both after osteogenic induction of 7 and 14 days (*P*\<0.05). A higher upregulated gene level was observed in the 3D group than in the PP--B group, except *Msx2*. *Msx2* can be upregulated by BMP-2 and facilitate osteogenic differentiation.[@b47-ijn-13-4145] Higher concentration of BMP-2 in the PP--B group accounted for its higher *Msx2* expression and enhanced differentiation of rADSCs. Studies reported that silk fibroin scaffold incorporated with BMP-2 greatly enhanced bone-related markers' expression level of MSCs.[@b48-ijn-13-4145] BMP-2 is able to recruit stem cells and facilitate its osteoblastic differentiation. Shalumon et al[@b33-ijn-13-4145] fabricated core--shell nanofibrous scaffolds with BMP-2 in core and tested osteogenic markers of human bone marrow-derived MSCs (hMSCs) from 0 to 28 days. They found that BMP-2 released from the scaffolds played an important role in osteogenic differentiation. The rADSCs on 3D scaffold expressed the highest level of bone-related markers. Cooperation of BMP-2 and 3D structure may contribute to the increased osteogenic differentiation. *Ocn* was biomarker expressed in late stage in osteoblast differentiation. A higher *Ocn* expression was observed in 7 and 14 days in the 3D group. This indicated the maturation of osteogenic differentiation of rADSCs on 3D scaffolds. So, 3D scaffold was able to promote cell differentiation into osteogenic lineage. In conclusion, two main reasons were account for stronger differentiation ability in 3D group. First, 3D scaffold increased cell proliferation and enhanced cell--cell and cell--matrix interactions and this would exhibit a positive effect on osteogenic differentiation.[@b21-ijn-13-4145] Second, BMP-2 released from the scaffold and its 3D architecture was important in cell differentiation.

Conclusion
==========

We prepared PP--B core--shell fibers with PP in shell and BMP-2 in core along with sustained release of BMP-2 up to 28 days. And 3D scaffolds were fabricated based on PP--B fibers with the TISA method. Better proliferation of rADSCs was found on PP--B and 3D scaffolds compared with PP group. 3D scaffold significantly enhanced osteogenic differentiation of rADSCs, followed by PP--B group. In summary, incorporation of BMP-2 in electrospun scaffold was able to promote the cell proliferation and osteogenic differentiation of rADSCs. The synergistic effects of 3D scaffold and osteoinductive BMP-2 significantly enhanced the tendency than 2D scaffolds in vitro. 3D porous material along with osteoinductive growth factor should be a promising scaffold in bone tissue engineering and dental medicine, especially for the reconstruction of bone defects.
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![Illustrations of electrospun scaffolds' preparation.\
**Notes:** (**A**) Schematic drawing of coaxial electrospinning process. Inset: coaxial spinneret. (**B**) Schematic drawing of coaxial electrospinning fibers (core: BMP-2, shell: PLGA/PCL).\
**Abbreviations:** BMP-2, bone morphogenetic protein 2; PCL, polycaprolactone; PLGA, poly(lactide-co-glycolide).](ijn-13-4145Fig1){#f1-ijn-13-4145}

![Characterization of different scaffolds.\
**Notes:** SEM images of the following three scaffolds: PP (**A**), PP--B (**B**), and 3D (**C**). TEM images of PP--B fibers (**D** and **E**). Fluorescent microscopic image of PP--FITC-BSA core--shell fiber (**F**).\
**Abbreviations:** 3D, three dimension; PCL, polycaprolactone; PLGA, poly(lactide-co-glycolide); PP, PLGA/PCL; PP--B, PP--bone morphogenetic protein 2; SEM, scanning electron microscopy; TEM, transmission electron microscopy.](ijn-13-4145Fig2){#f2-ijn-13-4145}

![Cumulative release curves of BMP-2 from PP--B scaffold and 3D scaffold within 28 days.\
**Abbreviations:** 3D, three dimension; BMP-2, bone morphogenetic protein-2; PP--B, poly(lactide-co-glycolide)/polycaprolactone--BMP-2.](ijn-13-4145Fig3){#f3-ijn-13-4145}

![Proliferation of rADSCs on scaffolds with CCK-8 assay.\
**Note:** \**P*\<0.05.\
**Abbreviations:** 3D, three dimension; CCK-8, cell counting kit-8; PP, poly(lactide-co-glycolide)/polycaprolactone; PP--B, PP--bone morphogenetic protein-2; rADSCs, rat adipose-derived stem cells.](ijn-13-4145Fig4){#f4-ijn-13-4145}

![Morphology of rADSCs on scaffolds.\
**Notes:** Representative CLSM images of rADSCs on scaffolds after 1 day: PP (**A**), PP--B (**B**), 3D (**C**), cytoskeleton (red), and cell nuclei (blue). Representative SEM images of ADSCs on scaffolds after 7 days: PP (**D**), PP--B (**E**), and 3D (**F**).\
**Abbreviations:** 3D, three dimension; CLSM, confocal laser scanning microscopy; PP, poly(lactide-co-glycolide)/polycaprolactone; PP--B, PP--bone morphogenetic protein-2; rADSCs, rat adipose-derived stem cells; SEM, scanning electron microscopy.](ijn-13-4145Fig5){#f5-ijn-13-4145}

![ALP activity of rADSCs and calcium deposition evaluation on the scaffolds.\
**Notes:** (**A**) ALP staining of rADSCs on the scaffolds after osteogenic induction of 7 and 14 days. (**B**) ALP activity of rADSCs on different scaffolds after osteogenic induction of 7 and 14 days (\**P*\<0.05). (**C**) Alizarin red staining of rADSCs on the three scaffolds after osteogenic induction of 14 days. (**D**) Semiquantitative analysis of calcium deposition on the scaffolds after osteogenic induction of 14 days for rADSCs (\**P*\<0.05).\
**Abbreviations:** 3D, three dimension; ALP, alkaline phosphatase; ARS, Alizarin red S; PP, poly(lactide-co-glycolide)/polycaprolactone; PP--B, PP--bone morphogenetic protein-2; rADSCs, rat adipose-derived stem cells.](ijn-13-4145Fig6){#f6-ijn-13-4145}

![RT-PCR analysis of *Alp*, *Col1*, *Msx2*, and *Ocn* osteogenic gene expression levels of rADSCs on different scaffolds after osteogenic induction of 7 and 14 days (\**P*\<0.05).\
**Abbreviations:** 3D, three dimension; PP, poly(lactide-co-glycolide)/polycaprolactone; PP--B, PP--bone morphogenetic protein-2; rADSCs, rat adipose-derived stem cells; RT-PCR, real-time quantitative reverse transcription polymerase chain reaction.](ijn-13-4145Fig7){#f7-ijn-13-4145}

###### 

Primer sequences for RT-PCR analysis

  Gene      Forward primer (5′--3′)   Reverse primer (5′--3′)
  --------- ------------------------- -------------------------
  *Alp*     CATGTTCCTGGGAGATGGTATG    GTGTTGTACGTCTTGGAGAGAG
  *Col1*    TGTTGGTCCTGCTGGCAAGAATG   GTCACCTTGTTCGCCTGTCTCAC
  *Msx2*    CCTGCACCCTGAGGAAACAC      TGCCTTAGCCCTTCGGTTCT
  *Ocn*     ACCCTCTCTCTGCTCACTCTGC    CCTTACTGCCCTCCTGCTTGG
  *GAPDH*   GGGAAACCCATCACCATCTT      CCAGTAGACTCCACGACATACT

**Abbreviation:** RT-PCR, real-time quantitative reverse transcription polymerase chain reaction.
